Abstract. One of the quickest means of tsunami evacuation is transfer to higher ground soon after strong and long ground shaking. Ground shaking itself is a good initiator of the evacuation from disastrous tsunami. Longer period seismic waves are considered to be more correlated with the earthquake magnitude. We investigated the possible application of this to tsunami hazard alarm using single-site ground motion observation. Information from the mass media is sometimes unavailable due to power failure soon after a large earthquake. Even when an official alarm is available, multiple information sources of tsunami alert would help people become aware of the coming risk of a tsunami. Thus, a device that indicates risk of a tsunami without requiring other data would be helpful to those who should evacuate. Since the sensitivity of a low-cost MEMS (microelectromechanical systems) accelerometer is sufficient for this purpose, tsunami alarm equipment for home use may be easily realized. Amplitude of long-period (20 s cutoff) displacement was proposed as the threshold for the alarm based on empirical relationships among magnitude, tsunami height, hypocentral distance, and peak ground displacement of seismic waves. Application of this method to recent major earthquakes indicated that such equipment could effectively alert people to the possibility of tsunami.
Introduction
Early-stage tsunami warnings are usually issued by governmental organizations, based on the estimated hypocenter and magnitude. Magnitude, a crucial factor for tsunami forecasting, is estimated based on amplitude of the seismic wave (Katsumata et al., 2013) , rapid estimation of seismic moment (Tsuboi et al., 1995) , or high-frequency energy radiation (Hara, 2007) .
If earthquake magnitude can be estimated using ground motion at a single site, residents can be alerted to evacuate before a potential tsunami. While strong ground motion indicates relatively large magnitude, it does not always mean tsunami hazard. Small, nearby earthquakes may have ground motion as strong as larger, more distant ones. Strong ground motion alone is therefore not a reliable indicator of tsunami hazard, so simply telling people to evacuate if they feel strong shaking is not enough. However, some people are reluctant to evacuate even after receiving an official tsunami warning. We feel that multiple independent warnings are much more compelling, provided the additional warnings are reasonably reliable. A stand-alone warning system would be valuable if the official warning were unavailable because of some mishap.
Low-cost MEMS (microelectromechanical systems) accelerometers could equip an ordinary house with such a single-station tsunami alarm. Some single-site processing methods have been proposed for earthquake early warning. Odaka et al. (2003) developed a method to estimate epicentral distance using single-site seismic data. Magnitude can be estimated based on epicentral distance and amplitude at the station. Allen and Kanamori (2003) used the P -wave predominant period to estimate earthquake magnitude. With tsunamis, it is not necessary to focus on the P -wave part of the seismic wave, because it is better to wait for completion of the fault rupture to estimate earthquake magnitude. Moreover, the high noise level of an MEMS sensor may result in considerable difference in the estimated value based on P -wave onset. Figure 1 presents examples of epicentral distance estimation from the onset of the P wave using the method of Odaka et al. (2003) , in which sharpness of the onset is used for epicentral-distance estimation. For example, with the 2003 Tokachi-oki earthquake (Fig. 1a) , the difference in sharpness of onset estimated with assumption of different noise levels corresponds to 1.6 times the difference in distance. For the 2011 earthquake off the Pacific coast of Tohoku, known as the 2011 Great East Japan Earthquake (Fig. 1b) , the difference in onset corresponds to 5 times the difference in distance. It is possible to use the whole seismic wave trace for tsunami evacuation purposes. Amplitude is directly related to earthquake magnitude. Strong-motion duration, which is related to earthquake magnitude (Trifunac and Brady, 1975; Dobry et al., 1978; Izutani and Hirasawa, 1987) , is a candidate for single-site magnitude estimation. Although duration is a possible candidate, amplitude is used in this study. Decay of amplitude along the distance can be used to limit the area to alert. Table 1 lists earthquakes that involved 10 or more casualties due to tsunamis around the Japanese islands in the past 100 years. This table indicates that earthquakes with a magnitude of 8 (M8) or greater caused serious disasters. Here we seek to differentiate earthquakes greater than M8 from others. We discuss single-station seismic wave processing, focusing on possible application to stand-alone tsunami alarm equipment.
Method
We aim to distinguish events with tsunami potential from seismic data obtained at a single station. Abe (1981) presented an empirical relationship among magnitude, distance, and tsunami height as where M t is tsunami magnitude, H is the maximum amplitude of a tsunami wave in meters measured by a tide gauge, R is the distance in kilometers from the epicenter to the tide station along the shortest oceanic path, and a and D are constants (a = 1.0, D = 5.80). This relationship was obtained with an assumption of M t = M w . M w denotes the moment magnitude. When M t and H are assumed, R is approximately specified. Katsumata et al. (2013) proposed a magnitude M estimation method with the maximum vertical displacement amplitude A of a seismic wave obtained at local distance as
where a K , b K , and c K are constants, and R h is the hypocentral distance (km). a K , b K , and c K were adjusted with an assumption of M = M w . Katsumata et al. (2013) presented a K , b K , and c K in Eq. (2) for various cutoff periods. If M t and R of Eq. (1) are substituted for M and R h of Eq. (2), it is possible to convert the tsunami height H to seismic wave amplitude A. When M t and H are assumed to be 8.0 and 2 m, R and A become 79 km and 0.11 m for the case of a 20 s cutoff. The tsunami height of 2 m is assumed because that could cause serious damage. The magnitude of a 20 s cutoff, as in Katsumata et al. (2013) , often agreed well with that of a 100 s cutoff. We can therefore choose 0.11 m as the threshold. If the observed amplitude is larger than this value and magnitude is 8.0, the event would be close enough to cause tsunami damage at the observation point. If the observed amplitude is larger than this value and the epicentral distance is 79 km, the magnitude should be greater than 8.0. Equation (1) by Abe (1981) is valid in an epicentral distance range of no less than 100 km. Since the distance of about 80 km is out of range, this derivation gives a very rough estimate. When M t and H are assumed at 8.5 and at 2 m, R and A become 250 km and 0.07 m for the case of a 20 s cutoff. Taking into account the possibility of a larger earthquake, it is better to lower the threshold. Equation (2) has a standard deviation of 0.17 (σ K ) as magnitude value. Therefore, we set the threshold at 0.11/10 σ K /a K = 0.081 m. For a 50 s cutoff, the value of A becomes 0.12 m for H = 2 m from Eq. (2). A longer period is considered to be better to cope with larger events of longer source duration. However, there are instrumental limitations in any observational system. For the case of an MEMS sensor, the instrumental noise is considerably higher than that of a feedback-type accelerometer. The noise level of an MEMS accelerometer is assumed to be 0.002 m s −2 in this study, which is slightly lower than the tremor level noticeable by humans. Sensors for this level are easily available. The 0.002 m s −2 of a 20 s period corresponds to 0.02 m in displacement. For the case of a 50 s period, it corresponds to 0.13 m, which is almost the same as the threshold amplitude level. Since margin is required for any kinds of observations, the case of a 50 s cutoff is not appropriate under this condition. 3 Results and discussion
Application to archived seismic records in Japan
This method was applied to the data obtained with seismic intensity meters installed by the Japan Meteorological Agency (2015b). Station locations are indicated in Fig. 2 with the epicenters of the events for which seismic data used in this study were obtained. The result is shown in Fig. 3 . The global CMT solutions (Dziewonski et al., 1981; Ekström et al., 2012) were referenced for moment magnitude M w . The red dot in Fig. 3 denotes the data exceeding the threshold (0.081 m), and the black dot less than that. The red curve indicates the distance corresponding to H = 2 m based on Eq. (1). There are some data exceeding the threshold amplitude in small earthquakes. When the epicentral distance is short, amplitudes of a few data exceeded the threshold for some events even smaller than magnitude 7. This situation corresponds to a false alarm. Figure 4 presents the relationship between amplitude and epicentral distance for the 2003 Tokachi-oki earthquake (M w 8.3, thin circles) and the 2011 Great East Japan Earthquake (M w 9.1, thick circles). The dashed line indicates the threshold amplitude. For the 2003 Tokachi-oki earthquake, most of the data at stations up to about 200 km exceeded the threshold. At the same time, one datum at about 140 km from the epicenter did not exceed the threshold. For the 2011 Great East Japan Earthquake, most of the data exceeded the threshold up to about 400 km. Source areas and observation points of these events are shown on maps in Sect. 3.2.
The false alarm due to large amplitude by a relatively small event is a problem in this method. Since the threshold of this study is a very rough estimation, false alarms are unavoidable. We tentatively checked other quantities such as peak ground velocity, duration of strong motion, and various com- binations of these. No simple measure distinguished large earthquakes better than displacement amplitude.
Application to recent major events
The result is applied to several major earthquakes that occurred around Japan and Chile. The same data used in the previous section are referenced in the trials here for events around Japan. Data archived by the University of Chile (2015) are used for events around Chile. Figure 5 represents the results with the observed tsunami heights. These are almost all the events which occurred in the areas covered with strong motion networks and caused high tsunamis. The red dots denote stations located within 10 km of the shoreline with observational values above the threshold (0.081 m). The red open circle denotes a station that had an amplitude over the threshold but distant from the shoreline.
Regarding tsunami height, we referred to run-ups by Tanioka et al. (2004) for (a), Fritz et al. (2011) for (b), The 2011 Tohoku Earthquake Tsunami Joint Survey Group (2015) for (c), Catalán et al. (2015) for (d), and Aránguiz et al. (2015) for (e). The epicenters are denoted by blue dots, and the source areas are outlined by blue curves. Regarding source areas, we referred to Hatori (2004) for (a), Sladen (2015) for (b) (2.5 m slip contour), Yoshida et al. (2011) for (c) (5 m slip contour), Wei (2016) for (d) (1 m slip contour), and USGS (2016) for (e) (2.5 m slip contour). The open contours indicate large slips estimated at the edges of the assumed faults. In Fig. 5 , the observational values of many stations were generally above the threshold in areas of high tsunami. However, such stations did not cover all areas where high tsunamis were observed, and at some stations the observational values were less than the threshold but high tsunamis were observed. For the 2003 Tokachi-oki earthquake (Fig. 5a ), the observational values were above the threshold in the areas of high-tsunami observation. However, there were some data lower than the threshold and close to which relatively high tsunamis were observed. For the 2010 Maule earthquake (Fig. 5b) , the number of the stations was limited; however, the observational values were above the threshold in high-tsunami areas. For the 2011 Great East Japan Earthquake, the data were above the threshold in the areas of high-tsunami observation. However, the data above the threshold included those on the other side of the island. For the 2014 Iquique earthquake, the observational values exceeded the threshold in the area close to the event source. Figure 6 . Seismic waves and instrumental seismic intensity obtained using prototype tsunami alarm equipment. Original acceleration records, velocity records for instrumental seismic intensity, instrumental seismic intensity, and displacement records are shown.
However, some data close to the source area were lower than the threshold. For the 2015 Illapel earthquake, the observational values were above the threshold in the area close to the highest tsunami.
These examples illustrate that the single-station method is effective in indicating a high-risk area of a large tsunami in many areas and that it cannot cover the whole area of high tsunami. Even though this method does not cover a possible disastrous area completely, an alert based on this method may induce caution regarding the possibility of a tsunami after a large earthquake. Moreover, although threshold values were estimated with data obtained in Japan, these examples indicate that this method is applicable to earthquakes around Chile, which is located in a similar tectonic setting as Japan.
We built prototype tsunami alarm equipment using an MEMS sensor and a small computer and tentatively observed ground motion with it. Records were obtained for the 2015 Illapel earthquake at the site of 33.03 • S, 77.64 • W. Figure 6 indicates the observed acceleration, velocity for calculating instrumental seismic intensity, instrumental seismic intensity (Wald et al., 1999) , and displacement. Since the observation point was far from the source area, the amplitude did not reach the threshold. Our equipment functioned also as a seismic intensity meter. ONEMI (2016) reported the modified Mercalli seismic intensity at this region (Valparaíso) as VI, which is close to the value obtained with the prototype equipment (V). The result indicates that an MEMS sensor could properly detect the ground motion and could work for this purpose.
Slow events and limitation of the method
A 20 s cutoff is considered to be enough for ordinary earthquakes of M8. However, the spectrum level of the seismic wave of a 22 s period is lower for slow earthquakes than that of ordinary earthquakes (Polet and Kanamori, 2000) . Twenty seconds would be too short for typical slow events. The 1896 Meiji-Sanriku earthquake is considered one such slow event (Kanamori, 1972) . If a low-noise feedback-type accelerometer is used, longer periods such as 50 or 100 s can possibly be used. Usage of integrated displacement such as M wp (Tsuboi et al., 1995) is an even better way. However, we leave these subjects out of this article because these are beyond the ability of a low-cost MEMS sensor.
False alarms and missed warnings are unavoidable with this method, as shown in Sects. 3.1 and 3.2. There is a tradeoff between the false alarms and missed warnings. If a message promoting confirmation of the official announcement is included in the alarm from the equipment, the problem of a false alert would be amended.
Conclusions
We proposed a method to differentiate earthquakes with disastrous tsunami potential from others using ground motion at a single site. With this method, displacement amplitude obtained with 20 s cutoff filter is used. It is possible to develop small equipment for this purpose using a low-cost MEMS sensor.
Application of this method to recent major earthquakes indicated that this method is partially effective in informing people of the possibility of a disastrous tsunami. Our sensors would not provide a perfect tsunami alarm system; instead, they would complement the official alarms. The priority should be placed on governmental information.
